Abstract. An application of high energy physics instrumentation is to look for structure or different densities (materials) hidden in a matrix (tons) of material. By tracing muons produced by primary Cosmic Rays, it has been possible to generate a kind of radiographs which shows the inner structure of dense containers, monuments or mountains. In this paper I review the basics principles of such techniques with emphasis in the Sun Pyramid project, carried out by IFUNAM in collaboration with Instituto Nacioanal de Antropologia e Historia.
INTRODUCTION
It is well known that cosmic rays muons are illuminating every substance on the earth. Since they are very penetrating they can reach any object at the surface or underground and the attenuation (or dispersion) that they suffered has been used to probe the inner-structure of very dense matrix of materials. From cross-border surveillance to Archeological or geophysical studies; radiography with muons is a today application of the instrumentation original developed for high energy experiments. Depending of the size and density of the objects two different procedures can be used to obtain an image, in the next section the physics of each approach will be discussed. In the last section, there is a detail discussion about how these techniques are helping to solve a very important question around the Mexican archeologists: Is the Pyramid of the Sun at Teotihucan a ceremonial monument or could it be a Mausoleum?
DISPERSION AND ATTENUATION
In X-ray radiography the intensity of an image pixel is determined mainly by the attenuation of the incident beam caused by the absorption, the maximum mean free path expected for photons is around 25 g cm -2 for all materials, so two objects (3cm thick) of high density (steel and tungsten for example) will be almost undistinguishable. The second limitation is the sizes of the object. Sampling objects of meters required large sources of radiation which usually are not available. In these cases natural background muons are a suitable alternative to obtain radiographic imaging.
Muons are the most numerous cosmic-ray particles at sea level, having a rate of about 10,000 part m -2 min -2 in horizontal detectors [1] . These particles are highly penetrating, a typical muon of energy 3 GeV will penetrate more than 1000 g cm -2 (10 m of water for example). They interact with the materials mostly by electromagnetic interactions, as a result when a muon of energy E pass trough a piece of material it suffered a deviation from its original trajectory, if the piece is thick enough the moun can be stopped on it, otherwise the muon probably will go through.
In the first case, the many small coulomb interactions add up and yield an angular deviation that roughly follows a Gaussian distribution, 
where p the particle's momentum in MeV c -1 and βc is its velocity [2] . The radiation length decreases rapidly as the atomic number of a material increases, and θ o increases accordingly; in a layer 10cm thick, a 3 GeV muon will scatter with and angle of 2.3 milliradians in water, 11 milliradians in iron and 20 milliradians in lead. By tracking the scattering angles of individual particles the scattering material can be mapped. Since it is necessary to know the originally direction of the muons, two tracking devices are necessary, one on top of the sampling object and one under it, besides that, high energy muons deviates less, muons with more that 20 GeV became a noise-background that is necessary to eliminate.
In the second case, only muons with enough energy will go through the sampling object, so a fraction of the muons is absorbed. The range can be obtained by integrating this expression [3] [ ]
with E in TeV and dE/dX in TeV g -1 cm 2 .
The two first terms represents the ionization loss and the third term represents various stochastic processes, mainly due to bremsstralung. By taking a relatively small contribution of the ln term, at high energies, the mean range X can be approx by
where E is giving in TeV and X in gr cm -1 . If it is known the muon angular and energy distribution then it is possible to map the object.
Both methods has their own vantages and disadvantages, the first one relies less on simulation, because the energy distribution is dominated by low energy muons so corrections by the high energy noise-background can be neglected. For the same reason is not as penetrating as the second case. Besides, since it requires two tracking devices their sizes have to been of the order magnitude of the sampling object, otherwise the method is little effective. In second case it is possible to probe large objects (like mountains, dams or monuments like Pyramids), however simulations about angular and energy distributions as long as the geometrical shape and material's density play an important role, the quality of the image depends strongly in this parameters. As a practical case, in the next section it will be described an experiment, which is carried out in Teotihuacan Mexico, to obtain a radiographic image of the Pyramid of the Sun.
THE SUN PYRAMID EXPERIMENT 24 Years Ago
In 1968 Luis Alvarez carried out his famous muon detection at Chephren Pyramid, in Giza [4] , the mail goal was to search for possible hidden chambers above the Belzoni Chamber. 24 years latter the Group of Experimental High Energy Physics from IF-UNAM is working on apply the Alvarez technique to the Mexican Pyramid of the Sun at Teotihuacan. In spite of its fame, little is known about it. Some excavations, early in the 20 century showed no identifiable internal structures, however the Pyramid of the Moon has them, therefore the purpose of the Sun and Moon Pyramid is unclear. A revealing discovery made in the early 1970's was the existence of a natural tunnel running 8 meters under the Pyramid of the Sun, ending beneath its symmetry axis figure 1. Besides the archeological implications, it. represents the unique advantage of providing a site to install a cosmic ray muon detector to search for possible (>1m 3 ) cavities in the body of the pyramid. In the next sections, the experimental set up and the relevant experimental parameters will be discussed
Method
As a first approach the experimental setup considered is similar to the one used by Alvarez [4] as it satisfies the basic requirements of being simple and low cost. The design consists on a three plane multiwire proportional chambers (MWPC) tracker and two scintillators counter for triggering purposes figure 2. To determine the important parameters (sensitivity, resolution and efficiency) it is necessary to take into a count what is know about the local muon spectrum, the pyramid's external geometry and the internal structure, estimations of sensitivity and expected resolution are very helpful for understanding the technique and optimizing it. The Alvarez method [4] consists of two important aspects, simulation and experiment. The first part requires the best possible knowledge of the pyramid's external dimensions, its detailed geometrical shape, and a guess of its internal materials (elemental composition and density distribution), all of this assuming that the pyramid is solid (cavity free). Then a simulated muon distribution reproduced by a hypothetical detector, having the same structure as the real one, is subtracted from the experimental observations to search for possible differences. Significant deviations in a given direction indicate and appreciable mater density difference in the corresponding subtended volume. About the mean composition and density distribution it was assumed that are similar to those found in early excavations by Nogera and Gamio, who excavated a 2m high, 1mwide tunnel running in a near straight line across the 226m pyramid base and 8 m above the natural observation tunnel. The Noguera-Gamio tunnel is also valuable, as it represents a well located cavity to be used for calibration purposes. Another important problem is that the density ρ of mass inside the pyramid is heterogeneous and its mean value is smaller than the density of rock. Hence if a hidden chamber has rocky walls, this could compensate the effect of a gas filled cavity on ∆M, the difference of mass with or with out cavity along the muon path on which the method is based [4] . To quantify this, the detected cavity size L d is define as
where L r represents the real cavity size, L w is the total wall thickness, ρ w and ρ p are the wall and pyramid mean densities. Then total wall-cavity compensation for a rocky wall (ρ w = 2.65 g/cm 3 ) results when L r / L w =(ρ w -ρ p ) / ρ p = 0.4.
Sensitivity
The amount of matter M traversed by a muon along its trajectory of length L, may be estimated trough the underground muon count N. The "sensitivity" ξ of this method may be defined as the ratio
where ∆N = N 1 -N 2 . using N 1 , N 2 to denote the moun count in the cases where there is and there is not cavity respectively. The N value to be used in the denominator may approximated by the average number of counts (N 1 + N 2 )/2 so that (2N) 1/2 represents the uncertainty of ∆N . For the muon flux we used the distribution proposed by Bedewi [5] (
where E is the muon energy in GeV, θ is the polar angle referred to the vertical direction, n and m are slowly varying functions of the muon energy [5] . The proportionality constant k is mostly a fuction of the location altitude and affects the observation time. Since the pyramid is an energy filter inside the tunnel the important muon energy is in the region from 18 to 35 GeV, where the m-value rages from -1.5 to -1.72, and n from 0.3 to 0.4. By numerical integration of eq. 3 and using eq. 2 the statistics necessary to obtain a given sensitivity may be estimated by
where L is the muon path inside the pyramid (maximum 80m) and X the size of the cavity. The above estimation ignores multiple scattering, a process which will be discussed in latter section. Also the above argument are based on a constant energy loss hypothesis, which not exactly because for high energy (>100 GeV) the muons loose energy through more complex mechanism due to radiative processes, but their corresponding flux is sufficiently small to make their contribution insignificant.
Resolution
Another important aspect of the experiment is the space resolution, which depends on the detector ability to reconstruct particle tracks. The resolution is quantified as the uncertainty associated to the reconstructed "entry point" of muons on the external boundary of the pyramid. Multiple scattering and detector reconstruction limitations transform this point into a finite size radial distribution known as the "point spread function". Roughly speaking this function resembles a gaussian having a standard deviation σ r which can be taken as an estimate of the resolution. There is a compromise between resolution and sensibility, because higher the energy of the muons better the resolution (less multiple scattering) however the sensitivity decrease (less attenuation). Besides this fact, the density and shape of the pyramid are critical parameters in the simulations. The estimated mean material density originates in a description given by Millon [6] from 45 photographs taken in some regions along the Nogera-gamio tunnel (since this tunnel was walled 30 years ago Millon report is best reference). From the photographs, each showing ≈3m 2 tunnel section, Millon published drawings with a code describing the space distribution of the most important filling materials such as sand, loam of various colors, adobe, volcanic tuff, scattered stones etc. From this information is expected to be fairly uniform, having an overall mean value of ρ = 1.9 g/cm 3 . About the geometrical shape has been extracted from a level diagram obtained 30 years ago using a aero-photographic techniques. This provides information every 15-30cm in the horizontal plain, and every 100cm in the vertical axis. The topological diagram has been digitized obtaining a 750 000 point description of the pyramid surface figure 3. In particular the location of natural tunnel is only known to within an accuracy of ≈0.5m. Since the typical length is Ł ≈ 50m then typically ∆L / L ≈ 1%. Under this conditions and combining geometrical, density and muon distribution uncertainties the minimal cavity size able to be detected is ≈0.7m 3 (supposing σ r ≈ 50 cm). 
Simulations
The simulations has been carried out using the simulation package Geant4 which allows reproducing the relevant processes and helped to optimize the detector design. Since σ r is not zero, with the simulations was possible to determine the minimal experimental σ r as function of the wire spacing in the MWPC figure 4. As it is showed a 5mm pitch is enough to get a 50cm σ r resolution. The impossibility to decrease σ r mainly is due to multiple scattering interactions. 
Detector construction
The most complicated part of the tracker is the MPWC, as schematically is shown in figure 5 the anode consist of 200, 1 m long 25µm diameter gold-plated tungsten parallel wires having a 5mm pitch, forming a sensitive area of 1m x 1m. The wires are soldered to two, 1m long, circuit board strips, glued to (and insulated from) stress-free square aluminum frame. Two single-side G10 sheets fixed to a 1.1m x 1.1m acrylic support plates acting as cathodes, and as part of the gas container system. The cathodes are kept parallel to the anode, with a 5mm separation from it by an acrylic
